Eukaryotic protein kinase pathways have both grown in number and changed their network architecture during evolution. We wondered if there are pivotal proteins in these pathways that have been repeatedly responsible for forming new connections through evolution, thus changing the topology of the network; and if so, whether the underlying properties of these proteins could be exploited to re-engineer and rewire these pathways. We addressed these questions in the context of the mitogenactivated protein kinase (MAPK) pathways. MAPK proteins were found to have repeatedly acquired new specificities and interaction partners during evolution, suggesting that these proteins are pivotal in the kinase network. Using the MAPKs Fus3 and Hog1 of the Saccharomyces cerevisiae mating and hyper-osmolar pathways, respectively, we show that these pivotal proteins can be re-designed to achieve a wide variety of changes in the input-output properties of the MAPK network. Through an analysis of our experimental results and of the sequence and structure of these proteins, we show that rewiring of the network is possible due to the underlying modular design of the MAPKs. We discuss the implications of our findings on the radiation of MAPKs through evolution and on how these proteins achieve their specificity.
1
. These networks have grown, changing their topology and constituent proteins, during evolution 2 . Whereas previous analyses have focused on the conservation properties of nodes in these networks 3 , it is the ability of certain nodes to consistently change connections that could allow the network topology to be malleable. Identifying such pivotal nodes in particular signalling networks may enable us to re-engineer these biological circuits with ease.
Here, we study the network of MAPK pathways that transduce different signals and regulate stress response and growth. We find that MAPK proteins are the pivotal nodes that allow their pathways to acquire new components and connections. Through a combination of sequence analysis and experiments, we show that we can continuously change the topology of the MAPK network and its signal processing capabilities by redesigning the MAPK proteins.
For our experiments, we chose two of the five MAPK pathways in S. cerevisiae 4 that are involved in mating and responding to high osmolarity (Fig. 1a) . These two pathways involve the MAPK proteins Fus3 and Hog1. Since another MAPK Kss1 can partially substitute for Fus3 (ref. 5) , fus3Δ kss1Δ cells are sterile and hog1Δ cells die after hyper-osmolar shock 6 .
To study the evolution of the MAPK pathways, we identified orthologues of their component proteins in fifteen yeast, six animal and one plant species (Figs 1b, 2; Supplementary Information Fig. S1a) . From the fission yeast Schizosaccharomyces pombe 7 to the higher eukaryotes, the number of MAPKs has increased from three to at least fifteen. As the MAPK family grows, many MAPK interaction partners appear de novo in different lineages. Except for Pbs2, orthologues of all the interaction partners of Fus3 and Hog1 (Fig. 1a) are found only in the yeast lineage, indicating that the specificities of these MAPKs for their partners developed uniquely in yeast (Figs 1b, 2) . This includes scaffolding proteins that nucleate these multi-protein complexes aiding MAPK specificities with their appropriate upstream and downstream partners 8, 9 . Closely related MAPK paralogues and orthologues show distinct specificities, indicating that new interactions can be acquired with little sequence divergence. For example, in S. cerevisiae the paralogues Kss1 and Fus3 can be activated by Ste7, but only Fus3 can activate Far1 causing cell-cycle arrest 10 . Strikingly, we also found that orthologues had switched their specificity from one MAPK in the yeast to another MAPK in the animals ( Fig. 2d) , providing a clear example of network topology that has changed during evolution.
Despite this plasticity, the MAPKs have been more invariant through evolution than other members of their pathways (Fig. 1b) . Which molecular properties have allowed the MAPKs to remain so conserved, while still having a pivotal role in allowing their pathways to rewire and acquire new components during evolution?
The MAPKs are small, compact globular proteins. As with their linear protein sequences, their three-dimensional structures are very similar to one another (Fig. 3) . To understand how these proteins achieve their specificities, we first reviewed previous biochemical 11, 12 , structural 8, 13, 14 and peptide 10, 15 analyses of the roles of certain residues in Fus3 and Hog1 ( Fig. 3c, d ; Supplementary Information, Section 2). We found that, other than Asp 112 and His 113 in Fus3, these residues cannot function alone as specificity determinants because they are conserved in other MAPK paralogues and their orthologues in other species.
We extracted functional information on residues using a multiple sequence alignment consisting of orthologues of four S. cerevisiae MAPKs (16 Kss1, 15 Fus3, 15 Hog1 and 15 Slt2) . The variable residues were almost exclusively on the surface of the proteins (Fig. 3a) . Of these residues, we Figure 1 Conservation of downstream components in the pheromone and hyper-osmolar glycerol pathways in S. cerevisiae. (a) The pheromone signal results in phosphorylation of the MAPKK Ste7, which phosphorylates the MAPK Fus3 aided by a scaffolding protein Ste5 (ref. 23) . Phosphorylated Fus3 in turn activates the transcription factor Ste12 by relieving its repression by Dig1 and Dig2 (ref. 24) , and activates Far1 leading to cellcycle arrest. Activated Ste12 initiates the transcription of mating-specific genes including FUS1. The stimulation of cells with an osmolyte (for example, sorbitol) results in phosphorylation of the MAPKK Pbs2, which phosphorylates the MAPK Hog1, which in turn activates several transcription factors (including Hot1). This initiates the transcription of several genes, including STL1. (b) Matrices corresponding to each protein in a encode the pair-wise percentage identity between the amino-acid sequences of all orthologues of that protein. The matrix for Hog1 is enlarged and labelled. The outlined matrix element in the Hog1 matrix shows the percentage identity between the Hog1 orthologues in A.gossypii and S. castelli. As the matrices are symmetrical, only half of each is shown. Beside each matrix is the substitution ratio (N/S) measuring the evolution rate of each protein within the sensu strictu species. The MAPKs Fus3 and Hog1 are the most conserved elements of the pathways, as indicated by the predominance of red in their matrices and the low N/S values. Pbs2 is found in all the species, whereas Ste7 (a Pbs2 duplicate) is present only in yeast, as indicated by the completely black columns and rows in its matrix, corresponding to the higher eukaryotes. The remaining proteins in a only have orthologues in yeast. MAPKs during evolution. In the yeast, the orthologue of the downstream transcription factor Rlm1 is activated by the orthologue of Slt2 (the MAPK of the hypo-osmolar pathway). In the higher eukaryotes, however, (for example human, mouse and rat), the Rlm1 orthologue (MEF2A) is activated by the Hog1 orthologue (p38α, refs 18, 25) . A similar change occurs upstream. In yeast, the Pbs2 orthologue activates the Hog1 orthologue, whereas in human, mouse and rat the Pbs2 orthologue (MEK1/2) activates the Fus3 orthologue (ERK1/2, ref. 13). Thus despite being highly conserved, the MAPKs show flexibility in acquiring and swapping interaction partners through evolution.
conserved in Fus3, but absent in Hog1 (Fig. 3b) . Other residue positions are well conserved in Hog1 but show great variability in Fus3, signifying neutral drift. Thus distinct patches may be important for the specific interactions of each MAPK with other members of its pathway (Supplementary Information, Figs S2, S3a) . If MAPK plasticity stemmed from the underlying flexibility of these patches, then synthetic proteins containing different combinations of these patches should be able to deform the signalling pathways. A chimaera has been generated 16 that, when expressed in mammalian cell lines, directs a stress signal into mitotic output (Supplementary Information, Section 2), suggesting that such deformations may indeed be possible.
To investigate this possibility, we constructed proteins that contained residues from Fus3 and Hog1 in various combinations. We divided both Fus3 and Hog1 into six segments (A, B, C, D, E and F for Fus3 and a, b, c, d, e and f for Hog1) linked by regions conserved in all the MAPKs (blue, Fig. 3c, d) , and joined the genes coding for the 64 possible proteins composed of these segments ( Supplementary Information, Methods Fig. S2 ). This achieved a combinatorial redistribution of the surface patches, while also ensuring that internal contacts along the sequence were preserved. The genes were driven by a FUS3 promoter. To test for pheromone output in response to either pheromone or osmolyte (sorbitol) exposure, the 64 hybrids on both low-copy (showing an expression within threefold of the native chromosomal gene; data not shown) and high-copy (showing an expression within eightfold of the native chromosomal gene; data not shown) plasmids were transformed into a haploid fus3Δ kss1Δ strain (Supplementary Information, Table S1 ). A fluorescent (GFP) reporter was Residues on Fus3 deduced computationally as putatively being responsible for the differences in Fus3 and Hog1 specificities are shown highlighted on its steric surface. The protein structure on the left has the same orientation as that in a, and the structure on the right has been rotated 180 o about the vertical axis. The residues are coloured according to the segment they belong to, with the same colours as used in the six segments in c and d. Some residues, such as P80, F83, E84 and W348
shown on the structure on the right, distinguish themselves by being present on Fus3 and not on Hog1. (c, d) The segments A/a, B/b, C/c, D/d, E/e and F/f in Fus3/Hog1 used to build the hybrid kinases are shown on the structures of Fus3 and p38α (mouse Hog1 orthologue), respectively. Five regions linking these segments, shown in blue, were chosen on the basis of their strict conservation in all the MAPKs in the multiple sequence alignment used in a. Specific residues previously identified in the literature are highlighted on both structures (Supplementary Information, Section 2). Most of these residues are common to both of the MAPKs and their orthologues from other species; however, they are shown highlighted on one or the other to reflect the MAPK in which they were identified. Thus, except for D112 and H113, these residues cannot be important for specificity. Table 2 ). To test for osmolar output in response to either input, hybrids on both low-and high-copy plasmids were transformed into a haploid hog1Δ strain with a fluorescent reporter placed under the native STL1 promoter, a faithful reporter of the osmolar pathway ( Supplementary Information, Fig. S3b, d ). We measured the fold change of fluorescent protein under the STL1 promoter after 2 h of pheromone or sorbitol exposure ( Fig. 4 ; Supplementary Information,  Fig. S5b ). The strains with the hybrids were assayed for their ability to grow under high osmolarity conditions ( Fig. 4 ; Supplementary Information (Fig. 4a) . Another nine (ABcdeF, ABCDeF, aBCdEF, abCDeF, AbCDEF, abCDEf, abCdEF, aBcdEF, AbcDEF) do so when expressed from high-copy plasmids ( Supplementary Information, Figs S5a, S8 ). All low-copy hybrids that showed pFUS1 activity upon pheromone exposure also rescued the cells ability to mate (Fig. 4a) . Unstimulated cells carrying ABcdEF and ABcdeF had constitutively active pFUS1 showing about 50% and 20%, respectively, of the fluorescence shown by pheromone stimulated wild-type cells. (Supplementary Information, Fig. S8 and Section 3). This is noteworthy, as producing phospho-mimicking mutations in the activation loop does not constitutively activate MAPKs as it does for the activating MAPK Kinases (MAPKK) 17, 18, 19 . One hybrid expressed from a low-copy plasmid, and several hybrids expressed from a high-copy plasmid ( Fig. 4a; Supplementary Information,  Fig. S5a ), also showed pFUS1 activity in response to sorbitol, in fus3Δ kss1Δ cells. Such cross-wiring could occur by either a direct or an indirect mechanism. A direct mechanism would involve the hybrid MAPK being directly activated by Pbs2 and in turn activating Ste12. There are two possible indirect mechanisms: the first is where the hybrid inhibits native Hog1 or Pbs2 while also performing the function of Fus3. This is because strains in which the osmolar pathway is interrupted at the level of Hog1 or Pbs2 (either by deletion or inhibition of these proteins) promiscuously channel the hyper-osmolar signal into a pheromone output ( Supplementary Information, Fig. S3d ). This promiscuous channelling happens upstream of the MAPK and is abolished by deleting Ste7 (ref. 20) . The second indirect mechanism is one in which Hog1 fails to inhibit the hybrid, allowing the osmolar signal to leak through the pheromone pathway, again through Ste7. To discriminate between the direct and indirect mechanisms of cross-wiring, we assayed the hybrid MAPKs in a ste7Δ hog1Δ strain. Without the hybrids, a sorbitol stimulus does not get cross-wired into pheromone output in this strain (Information, Fig. S9a ). Three hybrids (ABcdEF, ABcdeF and aBcdeF) showed pFUS1 activity on hyper-osmolar shock in the ste7Δ hog1Δ strain, suggesting that they were activated directly by Pbs2 ( Fig. 4a; When expressed from a low-copy plasmid in fus3Δ kss1Δ hog1Δ cells, only the hybrid aBcdeF is capable of cross-wiring a sorbitol input into a pheromone output. Cells carrying aBcdeF are insensitive to pheromone ( Fig. 5a , b), implying that this hybrid is directly activated by Pbs2 but not by Ste7. The cross-wiring persisted in the ste7Δ hog1Δ strain. The cross-wiring only occurred in the absence of native HOG1 when aBcdeF was expressed from a low-copy plasmid. Over-expression from a highcopy plasmid rescued this cross-talk in the presence of native HOG1, suggesting either competitive binding to Pbs2 between aBcdeF and Hog1 or direct inhibition of aBcdeF by Hog1. Several hybrids, when expressed from a low-copy plasmid, show STL1 promoter (pSTL1) activity in response to either input ( Fig. 4b ; Supplementary  Information, Fig. S9d ). The hybrid AbCdEf, which faithfully transduces the sorbitol signal almost as efficiently as wild-type Hog1, also cross-wires the pathways by showing pSTL1 activity in response to pheromone exposure (Fig. 5a, b) . Another hybrid, aBcdEF, achieves similar cross-wiring but is insensitive to sorbitol itself ( Supplementary Information, Fig. S9d) . The cross-wiring by aBcdEF occurred only in the absence of native Fus3 and Kss1, suggesting a competitive binding to Ste7 between aBcdEF and Fus3 or Kss1. All low-copy hybrids that showed pSTL1 activity on sorbitol exposure also rescued the ability of the cells to grow under high osmolar conditions ( Besides demonstrating the flexibility of MAPKs, our results allow us to draw some conclusions about the modularity and specificity of these proteins.
We find that the MAPK proteins are modular. One in three hybrids were functional, some with as many of their distinguishing residues taken from Fus3 as from Hog1. This strongly suggests that the common conserved residues at the core are sufficient for folding, and the variable exterior residues, where most of the evolution has occurred, control specificity. However, despite their having similar structures and symmetrical roles in their respective pathways, the patches of surface residues used by the paralogues Fus3 and Hog1 to interact with their up and downstream factors seem substantially different. This is highlighted by the hybrids (Fig. 5a , b, c ) that are able to interact with both upstream partners, such as ABcdEF (which is one of three hybrids in which sorbitol evoked a pheromone response through Pbs2), or both downstream partners (aBcdeF). The hybrid aBcdeF yields both an osmolar and pheromone response to an osmolar input, but is nonresponsive to pheromone (Fig. 5a ), implying that it can be activated by Pbs2 alone but can activate both Ste12 and Hot1. As every segment is either from Fus3 or Hog1, the regions on Fus3 and Hog1 that interact with Ste12 and Hot1 must be considerably non-overlapping. Not only do we find that these MAPKs show a modular design, we also note that this design is implemented differently in the two MAPKs in spite of their great structural similarity. Thus, conformational change, which commonly underlies enzyme promiscuity in other synthetic proteins 21 , is unlikely to be the mechanism by which our hybrid kinases achieved their various cross-wirings and specificities.
We can uncover how MAPK proteins achieve specificity. Our results indicate that the segment BEF is required in conjunction with the segments A or D for pheromone input to invoke pheromone output (Fig. 4a) . However, as aBcdeF activates the pheromone pathway only on osmolar input, and not on pheromone input, it appears that BF alone is sufficient for pheromone output and that E is important for pheromone input. The segment BF contains all the residues associated with the 'docking domain' ( Fig. 3c ; Supplementary Information, Section 2). These were identified and studied mainly in the context of Fus3 binding to Ste7 and to phosphatases 10 .
However, that BF appears sufficient for pheromone output suggests it is more important in vivo for the Fus3-Ste12 interaction, whereas E is more important for the Fus3-Ste7 interaction. The patch of residues (Pro 80, Phe 83, Glu 84 and Trp 348) identified by our sequence analysis to be unique to Fus3 is contained in BF. The hybrid aBCDEF transduces the pheromone signal to induce high pFUS1 activity but fails to mediate cell-cycle arrest (Supplementary Table 2 ). Consistently, the strains carrying aBCDEF have a low mating efficiency ( Supplementary Information, Fig. S4a ). This implicates segment A in Fus3-Far1 interaction. Segment d is necessary for transducing a high osmolar signal into any output (Fig. 4a b) . In Fus3, D has a disordered structure and most of its residues undergo neutral drift. This again illustrates how members of this family have specialized different residue patches on their surfaces to achieve analogous specificities rather than refining the residues on some common catalytic loop 22 . Our data show that these proteins can find new specificities with relatively few changes in their sequence (as few as seven point-mutations). They can retain their original function while acquiring new interaction partners. This might be why they have increased in number, having repeatedly found new functions after duplication ( Supplementary  Information, Fig. S10 ). Indeed our results suggest promiscuous intermediates through which duplicated enzymes could evolve, en route to their new specificities 22 . We have also gained insights into the specificity determinants of extant proteins. Exploration building on our hybrids can complement traditional biochemical techniques, which are challenged by the transient nature of kinase-substrate interactions. The implication for synthetic design is that pivotal proteins such as these may serve as the best templates, or scaffolds, with which to design new specificities to create new connections in existing pathways.
METHODS

Orthology and duplication.
To construct the phylogeny and search for duplications involving a gene extant in S. cerevisiae, we found the best reciprocal BLAST hit in each species. The orthology relationship was established by confirming that orthologues in species sharing the same nearest common ancestor with S. cerevisiae had similar distances from the S. cerevisiae protein, and by noting the progressive increase in this distance for orthologues in species whose nearest common ancestor was further away ( Supplementary Information, Fig. 1a ). For the genes, putative orthologues were found in most species in one branch of a speciation event and not in the other, thereby making it obvious if, and in which, species this gene was lost. A simple indicator of the possibility of a duplication event was two proteins in S. cerevisiae having separate orthologues in all species on one side of a speciation event, but BLASTed to the same protein in species on the other side. Rather than multiple gene-loss events, a single duplication at the speciation event is the most parsimonious explanation. Again, the duplication was verified by viewing the protein sequences and BLAST scores in relation to the species tree (see Supplementary Information for more details).
Computational identification of variable and putative specificity residues in MAPKs. To identify variable residues, the entropy at a given position j ( Fig. 3a ; Supplementary Information, Fig. S1c ) was computed from the multiple sequence alignment using
. Here, i indexes the 20 types of amino acid, and f i
is the normalized frequency with which amino acid i occurs at position j.
To identify the specificity patches of Fus3 and Hog1 in S. cerevisiae, we performed a multiple alignment of Fus3 and Hog1 orthologues from the yeast species. Higher eukaryotic orthologues were deliberately excluded because the MAPK specificities in this lineage are different (Fig. 2d) . Fus3 (Hog1) orthologue residues appearing directly above or below each other at a given position in the alignment were scored pair-wise by the BLOSUM50 matrix, and the sum of these scores was taken as indicative of the level of conservation at that position in Fus3 (Hog1). The linear ordering of the orthologues, on which this number depends, was taken to be that best representing the evolutionary relationships of the underlying phylogenetic tree. A plot of the score versus positions on Fus3 ( Supplementary  Information, Fig. 1b; sorted by increasing scores) shows a conspicuous plateau at a score of 42, indicating a natural cut-off point above which a position is declared to be 'well conserved'. For a position to qualify as putatively endowing specificity to Fus3 it also had to be different at the corresponding position in Hog1. This difference was quantified by summing the pair-wise BLOSUM50 scores for the Fus3 and Hog1 residues taken from orthologues belonging to the same species. A negative score was taken to signify a difference.
Yeast strains, plasmids and growth conditions. See Supplementary Table 1 for the list of strains and plasmids used in this study. Cells transformed with plasmids were grown overnight at 30 o C in a selective medium of SC-URA, re-inoculated into fresh medium for 8 h of exponential growth and then incubated with pheromone (0.6 μM) and sorbitol (1 M) . The time-dependence of the reporter activity was measured using fluorescence microscopy (Fig. 4 reports the mean fluorescence after 2 h; Supplementary Information, Figs S6, S7a) . Supplementary Information, Fig. S2 for the amino-acid sequences of the six segments A/a, B/b, C/c, D/d, E/e and F/f in Fus3/ Hog1. The base-pair sequences of the hybrids were designed ab initio as follows: Codons for the common conserved regions separating the segments were selected to create unique restriction sites recognized by five different restriction enzymes. Achieving this in the region separating E/e and F/f, where the amino-acid sequences of Fus3 and Hog1 are not identical, effectively introduced two mutations in the amino-acid sequence of Fus3: Gln 287, Arg 288 to Glu 287, Lys 288, forcing them to agree with the corresponding residues of Hog1. The substitution of Gln to Glu is seen in the closely related sensu strictu yeast Saccharomyces kudriavzevii, and the substitution Arg to Lys is extremely conservative as both Arg and Lys are positively charged. All other codons in the genes were optimized for expression in S. cerevisiae. Mating assay. fus3Δ kss1Δ MATa strains containing the hybrid MAPKs were grown in a selective medium to exponential phase, and then plated on YPD simultaneously with a MATα strain, also grown to exponential phase. By measuring the cell density of the two cultures before plating, an equal number of cells of each mating type was plated. After 36 h, cells scraped off the resulting lawn were inoculated in YPD for 2 h before plating a threefold serial dilution of 10 μl spots on plates selected for diploids ( Supplementary Information, Fig. 4a ). As only the MATa strains were autotrophic for the amino acids histidine and tryptophan, and only the MATα strain contained a drug-resistant gene (resistant to Kanamycin), plates lacking histidine and tryptophan and containing the drug were used to select for diploids. Again, the cell density was carefully measured to ensure that the same initial density of cells was used for plating the first spot.
Construction of hybrid MAPKs. See
Image processing. The mean fold changes in fluorescence (Fig. 4) were computed by dividing the increase in fluorescence levels averaged over ~100 stimulated cells by the mean fluorescence levels averaged over unstimulated cells. The pheromone-induced pSTL1 fold change in cells carrying AbCdEf and aBcdEF was computed (Fig. 4b) Figure S1 a, b, c: Phylogeny of species, conservation level of MAPK residues, and negative correlation between residue variability and number of nearest neighbors. a Phylogenetic tree of species used in deducing the duplication events of genes in the MAP kinase pathways. Speciation events (S 0 ,S 1 ,S 2 ,S 3 ,S 4 …S 9 ) referred to in Figure 2 of the main text leading to the ancestor of the sensu strictu lineage (S. cerevisiae, S. paradoxus, S. mikatae, S. kudriavzevii, and S. bayanus) are marked. The column entitled Rlm1 contains the BLAST scores of the S. cerevisiae protein Rlm1 with the highest scoring hit from each species. These were all deduced to be Rlm1 orthologs (Supplementary Information). The BLAST scores for the top hits of the S. cerevisiae protein Smp1 are also shown. In the sensu strictu these are true Smp1 orthologs. Thereafter, in all the other species, the top hit of Smp1 is the Rlm1 ortholog in that species, indicating that RLM1 duplicated at the speciation event S 9 giving rise to SMP1 in the sensu strictu. b The plot shows the level of conservation (Supplementary Information Sec. 3) found at every residue position in Fus3, where the residues on the x-axis have been ordered in increasing order of this conservation level. The plateau at a conservation level of 42 serves as a natural cut-off; so that residues with a higher conservation level are taken as well conserved. c The scatter plot of the entropy at each position of Fus3 versus the number of its neighbors on the three-dimensional structure. The entropy at any given position was evaluated as described in the Methods Summary of the main text using the multiple sequence alignment of all the MAP kinases from all the species. The number of nearest neighbors of a position in Fus3 was obtained by calculating the number of residues whose center of mass was within 1 nanometer of the amino acid at that position. Residue coordinates were taken from the crystal structure of Fus3. This anticorrelation fails to capture the additional detailed correlation on side chain orientation seen by eye in Figure 3a of the main text whereby residues on the surface which have their side chains pointing outward have greater entropy than residues on the surface with their side chains pointing inward. Fig. 3 c, d , are also pointed to here (in black). Residues that were identified computationally by us to be putatively important for specificity of interactions are also shown on the sequence (green arrows for FUS3, and red arrows for HOG1). while on sorbitol stimulation only the STL1 promoter is active. c The DIC, FUS1 and STL1 promoter activities measured using fluorescent reporters is shown in un-stimulated (first row) and pheromone stimulated (second row) fus3∆ kss1∆ cells. pFUS1 activity is abolished when FUS3 and KSS1 are deleted. d The DIC, FUS1 and STL1 promoter activities measured using fluorescent reporters is shown in un-stimulated (first row) and sorbitol stimulated (second row) hog1∆ cells. pSTL1 activity on sorbitol stimulation is abolished when HOG1 is deleted, and the sorbitol signal is channeled into pFUS1 activity (see main text). e The DIC, FUS1 and STL1 promoter activities measured using fluorescent reporters is shown in un-stimulated (first row), pheromone stimulated (second row) and sorbitol stimulated (third row) fus3∆ kss1∆ hog1∆ cells. Both FUS1 and STL1 promoter activity is abolished under both pheromone and sorbitol stimulation. Mating assay and high osmolar growth assay. a Spots of diploids appearing 48 hours after plating 10ul of a 3-fold serial dilution on diploidselective plates of a cell culture containing fus3∆ kss1∆ Mat a haploids containing the indicated hybrids on a low copy plasmid (images on left) and a high copy plasmid (images on right), a tester Mat a strain, and the diploids formed between these. The number of diploids growing on the plates in the figure is indicative of the mating efficiency conferred on the Mat a strain by the hybrid MAPK. The procedure used to arrive at the aforementioned cell culture is described in the Supplementary Information Sec 6. Fig. 4b ) are able to grow on 1M sorbitol plates. abcDEF, which does not show measurable pSTL1 activity on sorbitol exposure is also able to do so. c The growth of hog1∆ cells carrying the various hybrid MAPKs on a high copy plasmid on 1M sorbitol plates. On the top is the image of a strain carrying the wild-type MAPK HOG1 (abcdef) on a high copy plasmid as a positive control and at the bottom is the strain carrying the wild-type MAPK FUS3 (ABCDEF) on a high copy plasmid as a negative control. The hybrids abcdef, abcdeF, aBcdeF, abCdeF, abCdef, continue to show the same phenotype of growth that they did when expressed from a low copy plasmid b., Some plasmids like aBCdeF, abCDEF and abCDef when expressed from the high copy plasmid, allow growth of the cells on sorbitol plates but not mediate any transcriptional response in the cells. A possible explanation is that these hybrids fail to localize to the nucleus and perform the cytoplasmic role of Hog1 which can be sufficient to allow growth (Supplementary reference S20, S21). 
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Growth assay
Low Copy plasmid Figure S5 a, b Transcriptional response of cells carrying MAPK hybrids on a high copy plasmid. a The mean fold change in pFUS1 activity (measured by a fluorescent reporter) measuring a pheromone response, in ~100 single fus3∆ kss1∆ haploid cells containing the hybrid MAPKs expressed from a high copy (2µ) plasmid, after stimulation for four hours by 0.6uM pheromone or 1M sorbitol. The data is arranged as in Figure 4a of the main text. Fourteen hybrids show significant fold change in pFUS1 activity with pheromone stimulation when expressed at high levels. The cross activation of pFUS1 by sorbitol, seen to varying extents in all of these, was STE7 independent in three hybrids (marked with a '∆') indicating that they were activated by Pbs2 upstream and in turn activated Ste12. The hybrid aBcdeF responded only to sorbitol and not to pheromone just as it did when expressed in low copy (Fig. 4a of main text) .
Two hybrids which show constitutive pFUS1 activity are marked with a '*'. b The mean fold change in pSTL1 activity (measured by a fluorescent reporter) measuring an osmolar response, in ~100 single hog∆ haploid cells containing the hybrid MAPKs and stimulated in the same manner as in a. The number in parentheses is the percentage of residues differing between Fus3 and Hog1 that belong to Hog1 in the hybrid. Otherwise the data is arranged identically as in a. Five hybrids show pSTL1 activity on stimulation by sorbitol (like wild-type Hog1). Two hybrids showed pSTL1 activity on pheromone exposure indicating that they are activated by Ste7 and in turn activate Hot1 (see Data Analysis of main text). Surprisingly, the fold change in pSTL1 activity is smaller here where the hybrids are expressed from a high copy plasmid, compared to when they are expressed from a low copy plasmid (Figure 4b of main text). 4.16+/-1.9
3.33+/-1.5
4.25+/-1.9
6.42+/-3.48
1.00+/-0.56 1.00+/-0.51 Supplementary Figures 6a and 6b . The comparison is made for the two wild-type MAPKs Fus3 and Hog1 and for one hybrid chosen as representative of hybrids mediating a low reporter activity. We see that even in this case the reporter activity is hardly less than that with low copy expression. The hybrids that showed transcriptional responses on a low copy plasmid also show a response when they are integrated into the chromosome. The fold change in the transcriptional response is slightly lesser when the hybrid is integrated into the chromosome but is within error bars of the measurement when expressed from a low copy plasmid. Figure S8 pFUS1 response of cells carrying ABcDEF, ABCdEF, ABcdEF, aBCDEF, aBcDEF, AbCDEF, AbcDEF aBCdEF, aBcdEF, ABCDeF, ABcdeF, abCdEF, aBcdeF, abCDEf and abCDeF on a high copy plasmid. DIC and FUS1 promoter activity of un-stimulated (first row), pheromone stimulated (second row) and sorbitol stimulated (third row) fus3∆ kss1∆ cells carrying these hybrids on a high copy plasmid. ABcDEF behaves like wild-type FUS3 and ABCDeF responds primarily to pheromone. ABCdEF, ABcdEF, aBCDEF, aBcDEF, AbCDEF, aBCdEF, aBcdEF, and ABcdeF all show significant pFUS1 activity on both pheromone and sorbitol stimulation. AbcDEF and abCdEF show higher pFUS1 activity on stimulation with sorbitol than with pheromone. The hybrid ABcdEF shows constitutive pFUS1 activity as is seen from its control image. The hybrids aBcdeF, abCDEf and abCDeF in the last row possess less than 50% of the residues in Fus3 that differ in Hog1 and yet continue to show pFUS1 activity to some stimulus. abCDEf and abCDeF show weak responses to both pheromone and sorbitol. The hybrid aBcdeF shows pFUS1 activity only on sorbitol but not on pheromone exposure indicating that it can cross wire the osmolar and pheromone pathway. It does so by being activated by Pbs2 and in turn being able to activate the transcription factor Ste12 (see main text and Supplementary  Fig. 9a, b, c) . Supplementary Fig. 3d ). The image shows that this cross activation is abolished in a hog1∆ ste7∆ strain background. b The hybrid MAPKs ABcdEF, ABcdeF and aBcdeF which showed the sorbitol->pFUS1 cross activation in a fus3∆ kss1∆ strain also showed the same sorbitol->pFUS1 cross activation in the hog1∆ ste7∆ strain. Therefore, for these hybrids, the cross-activation occurs in a STE7 independent manner which implies that they are directly activated by Pbs2 (see main text). We were careful not to count the fluorescence from dead cells (such as those seen in the last panel) as a signal. c Four hybrids, abCDeF, aBCdEF, abCDEf and AbCDEF, when expressed from a high copy plasmid, show pheromone response when exposed to sorbitol in a STE7 dependent manner. That is, the sorbitol>pFUS1 cross-activation is abolished in a ste7∆ strain, indicating that they cross wire the osmolar and pheromone pathways through an indirect mechanism (see main text). To probe this mechanism we expressed these four hybrids in a wild type strain which contains the wild type FUS3 and KSS1 genes. In one of them (abCDEf), the level of stimulation of the FUS1 promoter increased on osmolar excitation. This might imply that this hybrid effectively inhibits the HOG1 protein, resulting in the leak into the pheromone pathway and that this leak is further amplified by the Fus3 and Kss1 proteins which are more adept at being excited by Ste7 and in exciting Ste12 than the hybrid. Thus the mechanism of cross wiring in this hybrid could be due to its ability to inhibit the activation of Hog1. In the three other hybrids (abCDeF, aBCdEF and AbCDEF), the level of cross wiring was reduced when compared to strains without the wild-type Fus3 and Kss1 proteins. This could imply that the hybrid is capable of the cross-wiring through the inability of Hog1 in inhibiting it and that pFUS1::CFP activity was reduced in the presence of Fus3 and Kss1 because of their competing with the hybrid to bind Ste7 or Ste12. Thus the mechanism here might be due to the inability of Hog1 in inhibiting these hybrids. d pSTL1 response of hog1∆ cells containing hybrids abCdeF, abCdef, abcdeF, and pSTL1 response of fus3∆ kss1∆ cells containing aBcdEF. DIC and STL1 promoter activity of un-stimulated (first row), pheromone stimulated (second row) and sorbitol stimulated (third row) hog1∆ cells carrying the hybrids abCdeF, abCdef, abcdeF on a low copy plasmid are shown. While abCdeF, abCdef and abcdeF show pSTL1 activity only on sorbitol stimulation (like wild-type HOG1), the hybrid aBcdEF shows pSTL1 activity only on pheromone stimulation. It is insensitive to sorbitol. This indicates that it is activated by Ste7 and in turn activates Hot1. However, this cross-activation is seen only in a fus3∆ kss1∆ strain (note the absence of schmoos in the pheromone stimulated cells) indicating a competitive binding betweenn aBcdEF and Fus3 or Kss1 to Ste7. This is analogous to the behavior of aBcdeF, (discussed in the main text) which cross-wired the sorbitol input into pheromone output only in the absence of HOG1 thereby indicating a either a competitive binding between aBcdeF and Hog1 to Pbs2 or a direct inhibition by Hog1. Images of pSTL1 activity in cells carrying AbCdEf are in Fig. 5a of the main text and are not repeated here. Figure S10 The protein space between extant Fus3 and Hog1, populated by hybrid kinases, is rich in function and the kinases show a modular design. a Acquisition of new function on duplication and divergence is depicted by a cartoon showing how a duplicated protein initially with 'green function' could evolve to acquire a new 'red function'. The amino acid sequences of Fus3, Hog1 and all our hybrids are represented as points in a ~340 dimensional protein space with each dimension representing a residue position. Only proteins lying on a particular ~200 dimensional subspace, however, have the potential to function as MAPKs, since of the 340 residues, 140 residues have remained strictly conserved during the entire evolutionary history of these kinases. These perform functions generic to all MAPKs in all species and are necessary for correct folding and binding ATP. It is tempting to postulate that they are also sufficient because our experiments suggest that these generic functions are very often independent of the surface patches encoded by the remaining residues. This would imply that all sequences on this subspace are capable of some stability of fold and interaction with ATP while a smaller subset, with the correct surface patches, would be capable of interacting with the extant upstream and downstream partners in S. cerevisiae. These later regions are colored green red and yellow (a greenish red along the corridor connecting the green and red regions) to depict our findings of MAPKs capable of Fus3-like function, Hog1-like function and various intermediate functions respectively when assayed in extant S. cerevisiae. An evolving MAPK would have to be confined to the MAPK subspace in order for it not to become a pseudo gene since falling off this sub-space would result in a definite loss of function of the MAPK, regaining which would have a very low probability due to the large co-dimension (200=340-140) of the subspace. Without any selection pressure mutations cause a protein sequence to perform a random walk for which the return probability in any dimension above 2 is practically zero. This further implies that the regions colored in our cartoon cannot have their connected components separated by more than a few amino acid residues. Again this is because without selection pressure the mutating sequence is more and more likely to fall off the sub-space, and loose one of its 140 strictly conserved residues. The probability of the duplicated protein to make it across a divide falls of exponentially with the distance between these colored components thus requiring astronomically large populations of cells with the duplicated protein in order to do so. A functional corridor between the green and red regions, depicted by the cartoon on the right, would make acquiring new function much easier by keeping a selection pressure on duplicated proteins to stay on the plane. Such a corridor is visible from our data in Figure 5 of the main text. b The results in Figure 5 are alternatively presented where starting from Fus3 successive single domain swaps result in the acquisition of novel interactions and hence new function. Every oval represents a set of hybrid proteins in Figure 5 mediating the shown input output characteristics. Grey arrows connect ovals differing by a single segment. One sees immediately that the proteins are modular, allowing them to pick up new interactions while retaining some original ones. These intermediate hybrids also allow a continuous change in function from that of Fus3 to Hog1 constituting a functional corridor in amino-acid sequence space between these two proteins. Two separate paths may be traced from Fus3 to Hog1 along the intermediates shown here. cerevisiae is apparent. Therefore each of these is identified as a true Rlm1 ortholog. The abnormally low BLAST score of the Rlm1 ortholog in S. paradoxus is due to an error in the protein ORF database which splits the true ORF of this ortholog into two separate genes at an intermediate methionine. On the other hand, the low scores of the Rlm1 orthologs in K. waltii and S. Kluyverii are likely to be genuine, since both share the same nearest common ancestor with S. cerevisiae. In these two cases the orthologs have retained only the N-terminal DNA binding domain found in the MADS-box family of genes to which RLM1 belongs. The BLAST scores for the orthologs in the higher eukaryotes are very similar because of the large phylogenetic distance between the higher eukaryotes and S. cerevisiae. This often leads to multiple hits with the same score in these species. This is resolved by using an established ortholog of a nearer species from which to initiate the BLAST search and also by examining the alignments of the candidates by hand. This idea was extended in (S1, S2) to using the pair wise scores between putative orthologs to infer a gene tree, and comparing this gene tree to the species tree of Supplementary Fig. 1a for a genome wide application, but we did not find it necessary to do this in order to deduce the orthologs for our limited set of genes.
Control
Manual verification and filtering was often necessary forcing us examine the alignments by hand in each case.
A simple indicator of the possibility of a duplication event was when two proteins in S. cerevisiae, each had separate orthologs in all species on one side of a speciation event but
BLASTed to the same protein in species on the other side. Rather than multiple gene loss events a single duplication at the speciation event is the most parsimonious explanation.
Here too the duplication was verified by viewing the protein sequences and BLAST scores in relation to the species tree. For example, Smp1 in S. cerevisiae has orthologs in all the sensu strictu, but thereafter we find that the top hit in the other species is just the Rlm1 ortholog, indicating that RLM1 duplicated into SMP1 at the speciation event S 9 that gave rise to the sensu strictu (see Supplementary Fig. 1a ).
By attributing a duplication to occur at a speciation node, say S n shown in the tree we mean that a new duplicate gene is found in the upper branch (and not in the lower branch) following the speciation event S n. The semantics of this definition inevitably carries with it the logical possibility that the duplication in fact took place at a node between S n and S n+1 but is missing from our tree, due to the fact that we -or genome sequencing effortshave not considered the intermediate species descending from this node in our tree. For example, such a situation arises for MAPK duplications in the yeast. S. pombe (S5) , has three MAPKs, orthologous to Fus3, Hog1 and Slt2. Slt2 and Fus3 duplicated during the speciation event S 2 that gave rise to the yeast Yarrowia lipolytica (Fig. 2 of main text) , and raised the number of MAPKs to five in all the other yeast descendents of this branch.
However the genomes of some Aspergillus species, such as Aspergillus fumigatus and Aspergillus nidulans, are known to have four MAPK genes (S6, S7) . As these species lie on a branch precisely between S. pombe and Y. lipolytica it is clear that the increase of MAPKs from three to five must in fact have occurred in two steps in the yeast lineage.
The growth of MAPKs in the animal lineage has been much faster since their count in humans or plants is at least fifteen (S8, S9) .
The Fus3 and Ste7 matrices of Figure 1 (belonging to the hypo-osmolar pathway and hence not shown) respectively at S 9 and hence exist only in the sensu strictu. Sko1 appears in all in the upper branch of S 2 . Hot1 also appears in all the yeast descending from S 2 (the missing ortholog in S. kudriavzevii is probably due to sequencing error) and duplicates into Msn1 at the very next speciation event S 3 .
Survey of the literature identifying functionally important amino acids in MAP kinases.
Besides residues specific to all kinases such as the ATP binding pocket and the 'TXY' sites where the MAPKs are phosphorylated, the literature points to certain residues functionally important for the specificities of the MAPKs Fus3 and Hog1 found by studies involving these proteins and their mammalian orthologs. These are summarized in the main text and highlighted on Figs. 3c, d there. Here we examine each of these residues in light of the amino acid identity observed at that position in different MAPK paralogs and their orthologs. We conclude that most of these while functionally important cannot by themselves be specificity determining since they are also found in a different MAPK paralog and often even in all MAPK paralogs and orthologs. Some which are unique to the mammalian ortholog studied are variable even within the higher eukaryotes.
In any case these cannot be specific to MAPK specifities in yeast. kinases of all species and cannot be the seat of specificity as also confirmed by experimental studies (S13). The MAPK docking domain was later subsumed into a 'docking groove' (S14) , that additionally includes hydrophobic residues which (colored black in Fig. 3c, d of the main text) come together with hydrophobic residues in the interacting partners (S15, S16). The general consensus regarding the docking via these sites is that it is unrelated to the transient kinase-substrate interaction per se, but serves to greatly promote the efficiency and strength of the kinase activity (S13, S17 hence named the ED domain) that controlled some specificity towards particular MAPKAKs (MAPK activated kinases). The Erk2 residues (TT) are completely different in the fungal orthologs of Fus3 (S19) and show variability even within the higher eukaryotes, whereas the p38 residues (ED), which are conserved only in the higher eukaryotes, were later found (S18) experimentally to have no relevance in p38 interactions with its upstream MAPKK or downstream transcription factor.
In searching for domains responsible for upstream and downstream interactions in the mammalian MAPKs ERK2 and p38, Brunette et. al. found one chimera, (of five constructed) that directed a stress signal into mitotic output, analogous to sorbitol evoking the pheromone response in our experiments with yeast. This chimera consisted of a small piece of the N-terminus taken from p38 (our segment 'a' and half of 'b' inclusive of the β3 strand but not the α2 and α3 helices) fused to rest of the C-terminus taken from ERK2 (half of 'B', 'C', 'D', 'E' and 'F'). This contrasts slightly with our finding that the segment 'd' is always required for activation by sorbitol during low-copy expression. This ~10 amino acid segment where the MAPK is dually phosphorylated is the most significantly different between the yeast and mammals. With this one allowance our hybrid abCdEF, closest in sequence to this chimera, elicits an analagous response in vivo when expressed in high copy whereby sorbitol evokes a pheromene response but there is no response to pheromone. Replacing 'B' for 'b' makes aBCdEF, which is also a functional plasmid similar in sequence to their chimera which is activated not only by sorbitol but also by pheromone, resulting in a pheromone response in either case. As two belonging to 'F') one might hypothesize that these are responsible for the upstream activation of Fus3. Chemiluminescence was then used to measure the westerns. Membranes were developed using the Pierce Supersignal Femto kit (Pierce # 34095). Our methods followed the manufacturers protocol except 1.5ml Buffer #1 and 1.5ml Buffer #2 were diluted in 1.5ml
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Tris pH 8, 10 ml sterile H 2 O. Membranes were developed on an AlphaInnotech
ChemiImager. Relative amounts of total Hog1 and phosphorylated Hog1 were quantified from images using NIH ImageJ software.
